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Terahertz ~THz!-wave generation using difference-frequency mixing in an organic 4-N,
N-dimethylamino-48-N8-methyl-stilbazolium tosylate ~DAST! crystal was investigated
theoretically and experimentally. We developed a dual-wavelength optical parametric oscillator
~OPO! with two KTiOPO4 crystals as the input light source. This oscillator has a tunable range from
1300–1450 nm and is pumped by a diode-pumped, frequency-doubled, Q-switched Nd:YAG laser
with a pulse duration of 10 ns. Widely tunable THz waves ranging from 2 to 20 THz were generated
from DAST crystals with 0.5- and 1-mm thickness using the OPO. THz output energies of 82 nJ
~peak power of 10.3 W! at 11.6 THz and 110 nJ~peak power of 13.8 W! at 19 THz were obtained
with a 1-mm-thick DAST crystal. Using a tunable THz-wave system consisting of the THz source
and a pyroelectric detector, THz spectroscopic data for a polytetrafluoroethylene sheet were
obtained and were comparable to data obtained from a conventional far-infrared spectrometer.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1713045#
I. INTRODUCTION
Coherent tunable terahertz~THz! waves have great po-
tential for frequency-domain spectroscopy and THz-imaging
applications. Difference-frequency generation~DFG! using
nonlinear optical~NLO! crystals has a wide tunability when
the DFG crystal and the wavelengths of the input optical
waves are correctly selected. For efficient THz-wave genera-
tion, the NLO crystal is required to have large nonlinear,
low-absorption coefficients. Tunable THz waves from 0.3 to
7 THz have been generated using many inorganic NLO crys-
tals, such as SiO2 ~quartz!,
1 GaAs,2 ZnTe,3 LiNbO3,
4 GaP,5,6
GaSe,7 and ZnGeP2.
8 However, it is particularly difficult to
generate waves with frequencies above 10 THz using inor-
ganic NLO crystals due to strong phonon absorption.
Organic crystals with a large nonlinearity are promising
candidates for wideband THz generation. The organic crystal
4-N, N-dimethylamino-48-N8-methyl-stilbazolium tosylate
~DAST!9 has a large NLO coefficient~.200 pm/V! and a
low dielectric constant,10,11which is advantageous for phase-
matching optical waves and THz waves. Despite its superior
properties for NLO interactions, DAST has not been used
practically because it is difficult to grow such large and high-
quality single crystals. Recently, Moriet al.12 proposed the
slope nucleation method for growing high-quality DAST
crystals. This technique combines spontaneous nucleation
and the subsequent growth of a single crystal into one pro-
cess.
THz pulse radiation from thin DAST crystals using op-
tical rectification of a femtosecond laser pulse has been
reported.13,14 Han et al.15 demonstrated THz pulse radiation
up to 15 THz by pumping a 0.1-mm-thick DAST crystal
using a 15-fs pulse laser. Moreover, frequency-tunable THz
waves have been generated from DAST crystals using a
dual-wavelength Ti:Al2O3 laser
16 and an optical parametric
oscillator ~OPO!.17,18 Previously, we demonstrated continu-
ously tunable THz-wave generation from 0.2 to 1.5 THz us-
ing a 1-mm-thick DAST crystal with a KTiOPO4 ~KTP!-
based OPO near 1064 nm.18 DAST is a promising material
for the generation of THz waves below 1 THz because of its
large NLO effect and low absorption loss. Recently, we also
succeeded in generating high-frequency waves from 1.5 to
6.5 THz using a KTP-OPO in the 1150-nm range with a
0.2-mm-thick DAST crystal.19
In this paper, we report the properties of tunable THz-
wave generation based on theoretical and experimental stud-
ies. By calculating the collinear phase-matching conditions,
the wavelength range and the thickness of the DAST crystal
can be determined theoretically. As the light source for col-
linear phase-matched DFG, we developed a dual-wavelength
OPO at a 1300–1450 nm range by angle-tuning KTP crystals
pumped at 532 nm. Widely tunable THz waves up to 20 THz
were generated by mixing the OPO output with 0.5- and
1-mm-thick DAST crystals. THz spectroscopic data for a
polytetrafluoroethylene sheet were obtained using the tun-
able THz-wave system consisting of the DFG-based THz-
wave source and a pyroelectric detector and were compa-
rable to data obtained from a conventional far-infrared
spectrometer.
II. THEORETICAL CALCULATION
The THz output depends on the phase-matching condi-
tions of DFG and the absorption of the crystal. The phase-
matching conditions for the DFG interaction are given by
energy conservation: U 1l12 1l2U5 1l3 ,
~1!
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momentum conservation:Un1l12 n2l2U5 n3l3 ,
wherel1 andl2 are the input wavelengths,l3 is the DFG
wavelength, andn1 , n2 , andn3 are the refractive indices at
the respective wavelengths.
The output power of the THz wave obtained using DFG
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whereP1 andP2 are the input peak powers of the OPO, and
P3 is the peak THz power generated.L is the thickness of the
DAST crystal.T1 , T2 , andT3 are the Fresnel transmission
coefficients, given byTj54nj /(nj11)
2, j 51, 2, 3, andDk
is the momentum mismatch.a1 , a2 , anda3 are the absorp-
tion coefficients. The subscriptsj 51, 2, and 3 correspond to
the frequencies of the OPO (v1 andv2) and the THz wave
(v3). r is the radius of the OPO beam focal spot. The refrac-
tive indicesn1 andn2 for the input light waves are given by
the Sellmeier formula.10 The refractive indexn3 and the ab-
sorption coefficienta3 in the range of 0–3 THz were esti-
mated from the data investigated by Waltheret al.21 using
THz time-domain spectroscopy.
Figure 1 depicts the calculated THz-wave power as a
function of the input wavelengthl1 for generating 2.5- and
3-THz waves in a 1-mm-thick DAST crystal. For the theo-
retical calculation in Eqs.~1! and~2!, we used the following
data:d115210 pm/V, P15P2530 kW, n352.26 ~2.5 THz!
or 2.30 ~3 THz!, a15a250.5 cm
21, a3560 cm
21 ~2.5
THz! or 70 cm21 ~3 THz!, andr 5170mm. The appropriate
wavelengthl1 for 2.5 THz was found to be about 1530 nm,
and 1400 nm for 3 THz from the figure. The result demon-
strates that phase matching is not so critical; a wavelength
range of 1400–1500 nm can be used for efficient generation
above 2 THz.
Figure 2 presents the calculated THz-wave power at 3
THz as a function of the DAST thickness using Eq.~2! with
l151450 nm, l251429 nm, n152.140, n252.142. Be-
cause of the strong absorption, the THz-wave power does not
increase monotonically with the DAST thickness, but be-
comes saturated when the DAST crystal is thicker than 1
mm. As a result of these calculations, the selected wave-
lengths of the input light waves close to 1450 nm were used
in our experiment, with 0.5- and 1-mm thick DAST crystals.
III. EXPERIMENTAL RESULTS AND DISCUSSION
As a light source for THz-wave generation, we devel-
oped an OPO with dual wavelengths near 1450 nm using two
KTP crystals in the same cavity. Idler waves in the range of
1300–1450 nm can be generated by angle-tuning a KTP
crystal pumped at 532 nm in the XZ plane. Figure 3 shows
the idler wavelengths calculated for the phase-matching con-
dition in this configuration. To generate dual wavelengths in
the range of 1300–1450 nm, we used two KTP crystals cut
so thatu560°. In this experiment, the angle of the first KTP
was fixed to generate an idler wave atl151450 nm, and the
FIG. 1. The THz-wave power as a function of the input wavelength (l1).
Solid line: 3 THz; broken line: 2.5 THz.
FIG. 2. The THz-wave power at 3 THz as a function of DAST thickness.
FIG. 3. Angle tuning curves for KTP-OPO pumped at 532 nm.
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second KTP was tuned atl251450 to 1300 nm (u
562– 68°) using a computer-controlled rotating stage.
Figure 4 presents a schematic diagram of the experimen-
tal arrangement for THz-wave generation in DAST crystals.
We used high-quality 3 330.5-mm and 53831.0-mm
DAST crystals grown using the slope nucleation method.
The two developed surfaces parallel to the crystallographic
~001! plane of the DAST crystals were flat, and nonpolished
as-grown DAST crystals were used for THz generation. The
dual-wavelength OPO has two KTP crystals in the same 150-
mm-long cavity and two flat mirrors with high reflectance for
the signal waves and high transmittance for the idler waves.
The signal wavelength was 840 to 900 nm, which corre-
sponds to an idler wavelength of 1300 to 1450 nm. We used
835315-mm flux-grown KTP crystals in this experiment.
The pump source for the OPO was a diode-pumped,
frequency-doubled, Q-switched Nd:YAG laser, with a pulse
duration of 10 ns and a 20 Hz repetition rate. The threshold
energy of the KTP-OPO was 3 mJ. An output energy of 0.55
to 0.7 mJ was obtained with a 9 mJpump. The output beam
of the OPO was focused on a 0.34-mm-diam spot on the
DAST using a 150-mm focal-length lens.
The THz wave was collimated and focused with off-axis
parabolic mirrors (f 525.4 mm) and was detected by a deu-
terated triglycine sulfate~DTGS! pyroelectric crystal that
was 2.5 mm in diam, operated at room temperature. The
DTGS detector used in this experiment was made by JASCO
for a far-infrared spectrometer. A black polyethylene filter
was used to block any optical waves. The maximum THz-
wave output was obtained when the polarization of the input
optical waves paralleled thea axis of the DAST crystal. To
avoid water-vapor absorption, the parabolic mirrors and de-
tector were inserted in a vacuum unit (1023 Torr).
Figure 5 illustrates the wavelength dependence of the
total OPO energy. In this experiment,l1 was fixed at 1450
nm, andl2 was varied from 1445 to 1300 nm, which corre-
sponded to frequency tuning from 0.7 to 25 THz. The output
energy slowly changed from 0.55 to 0.7 mJ due to the reflec-
tance properties of the OPO mirrors and the angle-tuning
dependence of the effective NLO coefficient of the KTP
crystal. The inset in the figure shows a typical spectrum of
the dual-wavelength OPO. The spectral bandwidth of both
wavelengths was around 0.4 nm. The output power atl2 was
slightly less than that atl1 due to pump depletion. The spec-
tral bandwidth did not change throughout the tuning range.
Figure 6 illustrates the THz-wave energy generated as a
function of the THz frequency with 0.5- and 1-mm thick
DAST crystals. Continuously tunable THz waves from 2 to
20 THz were generated in both samples with the same peak
frequencies of 2.5, 4.5, 11.6, and 19 THz. The output ener-
gies of the THz waves were 22 nJ/pulse at 2.5 THz, 82
nJ/pulse at 11.6 THz, and 110 nJ/pulse at 19 THz. Since the
pulse duration of the OPO was about 8 ns, the peak power of
the THz wave was estimated to be 2.8 W at 2.5 THz, 10.3 W
at 11.6 THz, and 13.8 W at 19 THz. As the energies of the
THz waves were obtained over a range exceeding 0.3 nJ,
which was the noise level of the detector, the pyroelectric
detector could be used with a high signal-to-noise ratio with-
out using a Si bolometer operating at 4 K.
As shown, THz peaks and dips have the same frequen-
cies for both DAST samples. These properties were the same
whenl1 was varied from 1350 to 1450 nm. Therefore, they
do not correspond to the phase-matching condition, due to
FIG. 4. Schematic diagram of the experimental arrangement for THz-wave
generation in DAST crystal.
FIG. 5. Wavelength dependence of the total OPO energy and a typical
spectrum of the dual-wavelength OPO~inset!.
FIG. 6. THz output energy as a function of the THz frequency with 1- and
0.5-mm-thick DAST crystals. Solid line: 1 mm DAST; broken line: 0.5 mm
DAST.
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the molecular properties of the DAST crystal. The frequency
dips at 3.1, 5.2, 8.5, 15.2, and 17.3 THz are thought to be due
to the absorption of the DAST crystal.22 The decrease below
2 THz is because of the strong absorption in DAST corre-
sponding to the resonance of the transverse optical phonon at
1.1 THz.21 Conversely, the decrease above 19 THz is due to
the crystalline nature of the DAST crystal and to the strong
absorption by the black polyethylene filter.
The output energy at 2.5 THz for the 1-mm sample is
about two times higher than that of the 0.5 mm sample. This
difference is thought to occur because the THz power in the
low-loss region below 3 THz increases with the thickness of
the DAST crystal, as shown in Fig. 2. Conversely, in the
high-loss region above 3 THz, the THz output energy does
not increase with the thickness due to saturation, but depends
on the quality of the DAST crystal. Considering the decrease
in THz waves at 15.2 and 17.3 THz, DAST crystals about 1
mm thick are better as a wideband THz source for spectros-
copy and imaging applications than those in the 0.5-mm
sample.
A theoretical value of THz peak powerP356.7 W at 2.5
THz was obtained from Eq.~2!, using P1545 kW ~0.36
mJ/8 ns! and P2530 kW ~0.24 mJ/8 ns!. Under the same
conditions, our experimental result wasP352.8 W. This is
consistent with the calculation results, considering the 55%
loss in the THz-wave collimation system. The normalized
conversion efficiencyP3 /(P1P2) was estimated to be 2
31029/W. In a previous paper,16 we found the conversion
efficiency wasP3 /(P1P2);10
214/W at 1.4 THz using the
dual-wavelength Ti:Al2O3 laser. The conversion efficiency
obtained in this experiment was about 105 higher than the
previous value. The reason for the efficient THz-wave gen-
eration in our system is thought to be the use of the high-
quality DAST crystal under phase-matching conditions.
For time-domain spectroscopy using high-frequency ra-
diation above 10 THz, it is necessary to use an expensive
ultrafast laser below 15 fs. THz imaging particularly requires
a high-power laser with a regenerative amplifier exceeding 1
mJ. By contrast, THz waves above 10 THz can be generated
in the DFG scheme using the same nanosecond laser as for
3-THz generation. Therefore, a DFG-based tunable THz
source has a great advantage over a THz pulse source for
THz imaging in the high-frequency region above 10 THz.
Using our tunable THz source, we measured the trans-
mittance of a polytetrafluoroethylene~PTFE! sheet in the
range of 2–15 THz as an example of THz frequency-domain
spectroscopy. Figure 7 compares the transmittance of a 0.2-
mm-thick PTFE sheet measured using the tunable THz
source and a conventional far-infrared spectrometer with a
2-cm21 resolution. We observed a strong absorption band at
6.1 THz ~203 cm21!, which was attributed to the CF2 twist-
ing vibration of the PTFE.23 These results indicate that a
tunable THz source with DAST can be used for wideband
THz spectroscopy. The estimated bandwidth of the THz
waves that were generated was about 60 GHz~2 cm21!,
which corresponds to an optical spectral bandwidth of 0.4
nm. To generate a narrow THz wave for high-resolution
spectroscopic applications, the spectral bandwidth of the
KTP-OPO can be narrowed by inserting a grating element
into the OPO cavity.
IV. CONCLUSION
We investigated THz-wave generation from DAST crys-
tals theoretically and experimentally. The wavelength range
and thickness of DAST crystals for efficient DFG can be
determined from calculating the collinear phase-matching
conditions. Widely tunable THz waves from 2 to 20 THz
were generated by mixing the output of an OPO over the
1300–1450 nm range. The frequency of the THz wave was
continuously tuned by changing the KTP crystal angle in the
OPO cavity. In this study, the output energies of the THz
waves were as high as 82 nJ/pulse~p ak power of 10.3 W! at
11.6 THz and 110 nJ/pulse~peak power of 13.8 W! at 19
THz. Using a tunable THz-wave system consisting of a
DFG-based THz-wave source and a pyroelectric detector, we
obtained spectroscopic data for a PTFE sheet and found it
comparable to the data obtained from a conventional far-
infrared spectrometer. Therefore, our system should also be
useful for practical THz imaging, THz sensing, and spectro-
scopic applications. In addition, tunable THz-wave genera-
tion with higher energy and a wider frequency range is ex-
pected to use more perfect DAST crystals.
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